Objective: The aim of this study was to evaluate changes in the nitric oxide synthase inhibitor asymmetric dimethylarginine (ADMA) levels during different menstrual cycle phases in young adult women with or without oral contraceptive (OC) use. Design and methods: The subjects (nZ1079) originated from a large population-based, prospective cohort study conducted in Finland. Plasma ADMA, symmetric dimethylarginine (SDMA), L-arginine, C-reactive protein, creatinine, and brachial artery flow-mediated dilatation (FMD) were measured. The use of OCs and menstrual cycle phase were determined from a questionnaire. Results: In non-OC users, ADMA (PZ0.017), L-arginine (PZ0.002), and ADMA/SDMA ratio (P!0.001) were significantly lower in the luteal phase than in the follicular phase of the menstrual cycle. Non-OC users also had significantly higher ADMA and SDMA concentrations (P!0.001) and lower L-arginine concentrations (P!0.001) compared to OC users of estrogen-containing pills. Progestin-only contraceptive pills (POPs) did not lower the ADMA level, but maintained it at the same level as in non-OC users. In OC users, there were no significant differences found in ADMA, FMD, or FMD% across menstrual cycle, whereas brachial artery diameter was significantly more decreased in the luteal phase (PZ0.013) than in the follicular phase. Conclusion: We observed that the circulating ADMA concentration varies across the menstrual cycle in young women not using OCs, and women on OCs displayed significantly lower circulating ADMA concentrations than non-OC users, though this was not the case with POP contraception.
Introduction
The menstrual cycle is regulated by hormonal cyclic changes. At the beginning of the follicular phase, estrogen and progesterone levels are low. The estrogen level starts to increase toward the end of the follicular phase, peaking during the surge of LH and FSH. The progesterone level is low during the follicular phase, but at the beginning of the luteal phase, it starts to increase. During most of the luteal phase, the progesterone and estrogen levels are high.
Estrogen can induce arterial vasodilation by activating endothelial nitric oxide (NO) synthase (NOS) (1). Cevik et al. (2) have suggested that estradiol may facilitate NO synthesis by reducing circulating levels of asymmetric dimethylarginine (ADMA), and this may exert protective effects on the vasculature. We and others have previously shown that the levels of ADMA, an endogenous competitive inhibitor of NOS, are inversely associated with flow-mediated brachial artery dilatation (3, 4) , and ADMA has also been postulated to be a risk marker of atherosclerosis and endothelial dysfunction (5, 6 ), e.g. increased concentrations of ADMA have been reported in patients with hypertension, insulin resistance, hypercholesterolemia, and renal failure (7, 8) . In addition, the concentration of ADMA has been shown to be elevated in patients with polycystic ovary syndrome (PCOS) (9) and complicated pregnancies (10) . Symmetric dimethylarginine (SDMA), a stereoisomer of ADMA, cannot directly inhibit NOS, but it is able to indirectly reduce intracellular L-arginine availability and in this way limit NO synthesis (11) . SDMA has been associated with renal dysfunction (12) .
Recently, there has been an increasing interest in measuring ADMA in a variety of clinical settings. Oral contraceptives (OCs) are known to lower ADMA concentrations significantly in women with PCOS (9), and orally administered hormone replacement therapy (HRT) also has an effect on circulating ADMA levels (13) (14) (15) . Our own studies and those of others have shown that during normal pregnancy, when there are high circulating estrogen levels, ADMA and SDMA concentrations are significantly decreased compared to the levels of non-pregnant women (10, 16, 17) . On the other hand, female sex hormones normally fluctuate according to the phases of the menstrual cycle, but as yet, the effects of menstrual cycle phases on ADMA concentrations have not been clarified.
The aim of the present study was to evaluate the changes in ADMA levels during different menstrual cycle phases in young adult women at the population level with or without OC use and also according to the type of OC. This study is a part of the Cardiovascular Risk in Young Finns Study (18) .
Subjects and methods

Subjects
The subjects of the present study originated from the Cardiovascular Risk in Young Finns Study. This is an ongoing, prospective, five-center follow-up study of atherosclerosis risk factors in Finnish children and adolescents. The participants were randomly chosen from a national population register as described previously (18) . At the beginning of the study in 1980, there were 3596 participants. In the follow-up study in 2001, 2283 young adults were studied in the age range from 24 to 39 years (19) . In the present study, we selected women (nZ761) without hormone use and women (nZ318) who were using OCs. In non-OC users, 20 (2.6%) subjects were on antihypertensive medication. In OC users, eight subjects (2.5%) were on antihypertensive medication and one subject (0.3%) was on lipid-lowering medication. The menstrual cycle phase at the sampling time and the use of OCs were obtained from the participants. The menstrual cycle was divided into four different phases: early follicular phase (1-7 days from the beginning of menstruation), late follicular phase (8-14 days from the beginning of menstruation), early luteal phase (15) (16) (17) (18) (19) days from the beginning of menstruation), and late luteal phase (20-40 days from the beginning of menstruation). Contraceptive types were divided into four categories: constant estrogen dose with low progestin dose (nZ110), constant estrogen dose with high progestin dose (nZ120), progestin alone (nZ10), and combination preparation with changing doses (nZ68).
The local ethics committee approved this study, and all patients provided written informed consent before participating.
Procedures
All blood samples were drawn after a 12-h overnight fast. Venous blood samples were drawn from each subject for laboratory assays and were centrifuged at 2000 g for 10 min. The serum was separated and stored frozen until analysis. Height, weight, and waist circumference were measured, and body mass index (BMI) was calculated (weight/height 2 ).
Measurement of plasma ADMA, SDMA and L-arginine concentrations
Levels of serum L-arginine, ADMA, and its stereoisomer, SDMA, were determined by high performance liquid chromatography using precolumn derivatization with o-phthaldialdehyde according to the method described by Teerlink et al. (20) with modifications (4). Briefly, samples were purified by protein precipitation with trichloroacetic acid and by polymer solid-phase extraction cartridge. Monomethylarginine was used as an internal standard, and chromatographic separation was achieved with a Symmetry C18 column (5 mm, 3.9!150 mm, Waters Corp., Milford, MA, USA). The analytes were detected by fluorescence at l ex Z340 nm and l em Z455 nm. Precision (coefficient of variation, CV) for a plasma pool (nZ77) for L-arginine, ADMA, and SDMA within series was 7.5, 5.7, and 6.5%, and between series, it was 12.9, 10.6, and 12.1% respectively.
Measurement of high-sensitive C-reactive protein and creatinine concentrations
Plasma high-sensitive C-reactive protein (hsCRP) concentrations were analyzed by latex immunoturbidimetric assay (CRP-UL, Wako Chemicals GmbH, Neuss, Germany) by an automated analyzer (Olympus AU400, Tokyo, Japan). The detection limit was 0.06 mg/l. The interassay CV (nZ168) were 3.3% (CRP 1.52 mg/l) and 2.7% (CRP 2.51 mg/l).
Serum creatinine concentrations were measured by standard photometric methods (Olympus Diagnostica GmbH, Hamburg, Germany), and the estimated glomerular filtration rate (GFR) was calculated by Cockcroft-Gault formula (21) .
Vascular ultrasound measurements
Brachial artery flow-mediated dilatation (FMD) was measured by ultrasound according to the guidelines and as described earlier (19) . Ultrasound studies were performed using Sequoia 512 mainframes (Acuson, Mountain View, CA, USA) with 14.0 MHz linear array transducers. The segment of the brachial artery above the antecubital crease was imaged in the longitudinal plane at rest and during reactive hyperemia, induced by a sphygmomanometer cuff, which was placed around the forearm, inflated to a pressure of 250 mmHg, and deflated after 4.5 min. End-diastolic (incident with the R-wave) arterial diameter was measured at rest (baseline) and at 40, 60, and 80 s after cuff release from 5-s ultrasound image sets. The vessel diameter response in scans after reactive hyperemia was expressed both as the absolute change in diameter (FMD) and as the percentage relative to the resting scan (FMD%). 
Statistical analysis
Results
Effect of menstrual cycle
The clinical characteristics of the study participants are presented in Table 1 . The concentrations of ADMA and L-arginine varied significantly depending on the menstrual cycle phase. The ADMA level was significantly lower in the early luteal phase (PZ0.036) than in the early follicular phase (Fig. 1) . When the early and late follicular and early and late luteal phase groups were pooled, then ADMA level was higher in the follicular phase than in the luteal phase of menstrual cycle (0.635G0.144 vs 0.609G0.147 mmol/l, PZ0.017, respectively; Fig. 2 ). The L-arginine concentration was lowest in the early luteal phase (PZ0.016; Fig. 1 ). SDMA and CRP concentrations or GFR exhibited no significant differences between menstrual cycle phases. ADMA/SDMA ratio, an index of the ADMA-degrading enzyme dimethylarginine dimethylaminohydrolase (DDAH) activity, varied significantly during the follicular and luteal phases (P!0.001; Fig. 2 ), being at its lowest level in the early luteal phase. L-arginine/ADMA ratio, an indicator of NO production by NOS, did not vary significantly during the different menstrual cycle phases.
FMD was highest in the follicular phase ( Fig. 1 ), although FMD, FMD%, or brachial artery diameter did not differ significantly during the different phases of menstrual cycle.
Effect of OC use
ADMA (P!0.001) and SDMA (PZ0.002) concentrations were significantly lower and L-arginine concentrations (P!0.001) were higher in OC users than in non-OC users. L-arginine/ADMA ratio was higher (P!0.001) and ADMA/SDMA ratio was lower (P!0.001) in OC users than in non-OC users. The CRP concentration was 2.6-fold higher in OC users than in non-OC users. No significant differences were observed in GFR or FMD parameters between OC and non-OC users (Table 1) . When examining the associations between parameters, CRP correlated significantly with GFR in both non-OC users and OC users (rZ0.404, P!0.001 and rZ0.417, P!0.001 respectively).
In OC users, there were no significant differences found in ADMA and ADMA-related parameters, CRP, or GFR between menstrual cycle phases. Furthermore, the studied FMD parameters did not differ significantly during the four phases of menstrual cycle in non-OC users or OC users. When the early and late follicular and early and late luteal phase groups were pooled, the brachial artery diameter was higher in the follicular phase than in the luteal phase (3.13G0.31 vs 3.03G0.33 mm, PZ0.013 respectively) in OC users.
Age and BMI displayed a significant difference between OC user and non-OC user groups. Furthermore, even when studied parameters were standardized according to age and BMI, this difference stayed significant between OC and non-OC groups. The effect of contraceptive type on the dimethylarginine, CRP and FMD ADMA concentration was examined according to contraceptive types, and it was noted that ADMA levels were significantly higher (PZ0.009) in women using progestin-only OC than in women using preparations with a constant estrogen dose and low progestin dose (Fig. 3) . CRP was two-to three-fold higher in the group using estrogen-containing pills than in their counterparts using progestin-only pills (Fig. 3) , and the difference between these groups was significant (median CRP 1.77 vs 0.69 mg/l, PZ0.004 and 2.22 vs 0.69, PZ0.006). The FMD% was 20% higher in women in progestin-only group (10.3%) than in those receiving estrogen-containing preparations (8.6%), but the difference did not achieve statistical significance. Waist circumference of study subjects was not statistically different between different contraceptive type groups (PZ0.118).
Relationship between dimethylarginine concentrations and FMD parameters
Both OC and non-OC users exhibited a significant negative correlation between ADMA and FMD (rZK0.101, PZ0.007 and rZK0.139, PZ0.016 respectively) and FMD% (rZK0.088, PZ0.019 and rZK0.142, PZ0.013 respectively). Accordingly, SDMA had a significant negative correlation with FMD (rZK0.113, PZ0.003) and FMD% (rZK0.104, PZ0.006) in non-OC users. When examining associations during the different phases of the menstrual cycle, only in the early follicular phase was there a significant negative correlation between ADMA and FMD (rZK0.275, PZ0.001) and FMD% (rZK0.280, P!0.001) and also between SDMA and FMD (rZK0.186, PZ0.022) and FMD% (rZK0.202, P!0.013) in non-OC users. In OC users, we did not detect any correlations between ADMA and FMD during the different menstrual cycle phases.
Discussion
We found that the ADMA concentration varied at different phases of the menstrual cycle in women not using hormonal contraception, whereas among OC users, its levels remained stable. Interestingly, the type of contraception made a substantial difference, since estrogen-containing pills lowered the ADMA concentration significantly in comparison with non-OC users. In contrast, in women using progestin-only contraceptive pills, the ADMA concentration remained at the same level as that encountered in non-OC users. It was also noted that although the overall effect of OC decreased the ADMA concentration, the CRP appeared to be higher in OC users though we detected no significant net effect on FMD.
In vascular cells, estradiol stimulates the expression of endothelial and inducible NOS, leading to NO production and NO-dependent vasodilation (1). In addition, the results from a previous study indicated that NO fluctuates during a natural menstrual cycle. Giusti et al. (22) have demonstrated that the NO concentration was significantly higher in the follicular phase than in the luteal phase. However, Teran et al. (23) did not observe any significant differences between the circulating plasma levels present in the preovulatory and the mid-luteal phase. In this study, we found that the ADMA concentration varied across the menstrual cycle in women not using hormonal contraception, with the level being highest during the early follicular phase of menstrual cycle when estrogen level is low, and lowest in the early luteal phase when the estrogen and progesterone levels are usually high. The difference in ADMA levels between cycle phases was, however, in the order of 4% only, and it hardly accounts for major biological sequelae. Contraceptive use abolished normal hormonal changes, and no significant variation in the ADMA or L-arginine concentrations was present in women using OC. The differences between the synthetic and natural steroids may have a role to play herein. Interestingly, SDMA, the isomer of ADMA, did not exhibit any variations across the menstrual cycle. This may be due to the fact that SDMA is not as sensitive to hormonal changes because it is eliminated by urinary excretion and not by enzymatic conversion by DDAH into ADMA.
OC use and orally administered HRT lower ADMA and SDMA concentrations either in the combination of estrogen and progesterone or as estrogen alone. In addition, the delivery method for the exogenous estrogen is important since transdermally administered estrogen affects ADMA levels less than orally administered estrogen (24) . Accordingly, Holden et al. (25) reported that 2 weeks after subcutaneous implantation of estradiol, there was a significant decrease in ADMA levels. Recently, Bunck et al. (26) reported that both oral and transdermal estrogen therapy in male-to-female transsexuals decreased circulating ADMA. Furthermore, Kilic et al. (27) reported that 50 mg transdermal estradiol prevented the increase in ADMA concentration following ovariectomy.
In our study, the comparison of the different OC preparations suggested that it was the exogenous estrogen in the combination of progesterone which decreased ADMA significantly, since in users of progesterone-only pills, ADMA remained at the same level as in non-OC users. However, the group of progestin users was very small, and women who were not willing or unable to use estrogen treatment may have been overrepresented since progestin-only pills may have been prescribed to overweight women or to women suffering from arterial hypertension or those at increased risk for venous thromboembolism or Figure 3 Plasma asymmetric dimethylarginine (ADMA) (A) and C-reactive protein (CRP) (B) concentrations in women using different types of oral contraceptives. Contraceptive types were constant estrogen dose with low progestin dose (EE/LP, nZ110), constant estrogen dose with high progestin dose (EE/HP, nZ120), progestin-only contraceptive pills (POPs, nZ10), and combination preparation with changing doses (EE/P CD, nZ68). Data for ADMA are expressed as meanGS.E.M., and for CRP they are expressed as median values. cardiovascular diseases. In our study, however, there were no significant differences in the body weights between the different contraception type groups.
Wander et al. (28) reported that endogenous estrogen was associated with a decrease in CRP levels, and endogenous progesterone with an increase in CRP levels. Interestingly, some studies have suggested that exogenous estrogen can increase CRP (29, 30) , whereas exogenous progesterone decreases CRP (31) . However, we did not find any significant differences in CRP levels between different cycle phases in women with or without OC use, a result which is in accordance with the study of Wunder et al. (32) . Neither did we find any statistically significant differences in FMD parameters across menstrual cycle phases in normal women.
There are some limitations to our study. First, we did not measure estrogen or progesterone concentrations during menstrual cycle phases to confirm the hormonal status. However, the participants had normal menstrual cycles, and women with an abnormally long cycle (over 40 days) were excluded from the study. Such selection of patients aimed at minimizing the bias produced by overlapping menstrual cycle phases in women without OC use. Secondly, cross-sectional studies are carried out at one time point and changes over time cannot be assessed. However, this study provided information on the normal female population subdivided according to their phase of the menstrual cycle and the effects of the cycle on L-arginine and dimethylarginine concentrations. Many studies on the effect of the menstrual cycle on ADMA, inflammation markers, or FMD have been rather small, and though population-based studies to find reference intervals for ADMA may have been large, they may not have taken into account the menstrual cycle phase of the participating women or else their subjects may have been over 50 years old (33, 34) . Blackwell et al. (35) have studied biological variation of ADMA and found that ADMA and SDMA exhibited low intra-individual biological variation (7.4 and 5.8% respectively), but there were only six women (nZ12) in that study and no information on menstrual cycle phase was given.
In conclusion, the hormonal changes during the menstrual cycle appear to have an impact on ADMA concentrations, and therefore, they should be controlled for in future ADMA studies in women of reproductive age. On the contrary, FMD seems to be insensitive to hormonal changes in normal young women, and thus FMD may be measured during any phase of menstrual cycle. In women using estrogen-containing OC preparations, the ADMA concentrations were stable and significantly lower in OC users than in non-OC users. A similar effect has been observed previously in OC-using women affected by PCOS, but not in healthy individuals with no known risks of endothelial dysfunction. Progestin-only pills appeared to result in an ADMA and CRP profile that was very different from that observed in users of combined hormone preparations.
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